One sentence summary: The maltase gene promoter is more efficient to produce heterologous proteins from sucrose in yeast Ogataea thermomethanolica than methanol inducible AOX and constitutive GAP promoters.
INTRODUCTION
The thermotolerant methylotrophic yeast Ogataea thermomethanolica TBRC656 (formerly coded as BCC16875) has been reported as a potential heterologous host which is capable for expressing heterologous protein over a wide range of temperature (Harnpicharnchai et al. 2014; Promdonkoy et al. 2014; Roongsawang et al. 2016) . Similar to Pichia pastoris, the strong methanol inducible alcohol oxidase (AOX) promoter has been reported for heterologous protein production in O. thermomethanolica . However, there are circumstances that this AOX-based expression system may not be suitable for heterologous protein production at large scale fermentation. The use of methanol to induce gene expression may not appropriate as methanol is a potential fire hazard and it needs special operation during large scale fermentation (Bollok et al. 2009 ). Therefore, to avoid the use of methanol, the constitutive glyceraldehyde-3-phosphate dehydrogenease (GAP) promoter has been widely adapted for producing a variety of heterologous proteins from glucose in methylotrophic yeasts (Wang et al. 2012; Guan et al. 2013; Harnpicharnchai et al. 2014 ). However, glucose, which is typically derived from corn, is more expensive and more damaging of the environment than sucrose derived from sugarcane (Sabri, Nielsen and Vickers 2013) . Thus, the development of a sucrose-based expression system is desirable as an alternative expression system in O. thermomethanolica.
In yeasts, promoters that can regulate high levels of gene expression during the sucrose feed stage are desirable in industry because sucrose is an inexpensive carbon source and its production has less negative environmental effect (Marques et al. 2016) . Sucrose can be used as a cheap and easily fermentable feedstock for various protein and biochemical production processes (Feng et al. 2017) . Recently, it was reported that the promoter of suc2 gene encoding for invertase involved with sucrose utilization in Saccharomyces cerevisiae is highly expressed during growth on sucrose and is repressed during growth on glucose (Williams et al. 2015) . Thus, these properties of the Suc2 promoter make it a promising option for heterologous protein expression in S. cerevisiae. The methylotrophic yeast Ogataea polymorpha (Syn. Hansenula polymopha) can grow and metabolize disaccharides such as sucrose and maltose. However, in contrast with S. cerevisiae, it lacks an invertase gene. It turned out that maltase is responsible for the utilization of sucrose in O. polymorpha (Liiv, Pärn and Alamäe 2001; Alamäe et al. 2003) . The O. polymorpha maltase gene cluster contains maltase, maltose permease and maltase activator genes. The promoters of these genes are repressed by glucose and induced by sucrose and maltose (Viigand and Alamäe 2007) . The O. polymorpha maltase promoter was found to be strongly induced by sucrose, which is quite comparable to the methanol inducible promoter (MOX) under methanol induction (Alamäe et al. 2003) .
Since O. thermomethanolica TBRC656 can efficiently utilize sucrose as a sole carbon source for heterologous protein production in a large scale fermentation (Charoenrat et al. 2016) , this might be due to the present of an active maltase gene cluster which responsible for sucrose metabolism. Recently, maltase gene cluster has been identified in O. thermomethanolica and it responded for sucrose and maltose metabolism (Phithakrotchanakoon et al. 2018) . We hypothesized that the promoter of maltase gene cluster would also perform well in production of heterologous proteins in the presence of sucrose. Thus, this study aimed to exploit the promoters of maltase gene cluster to develop a controlled heterologous protein production system in O. thermomethanolica. (Harnpicharnchai et al. 2014) , pOtGAPZα-Xyl and pOtGAPZα-Phy (Roongsawang et al. 2016) were used for construction of plasmids in this study. For extracellular secretion of enzyme, α-factor signal was added to the coding sequences in this study.
MATERIALS AND METHODS

Strains and plasmids
Construction of expression vectors harboring sucrose responsive and AOX promoters of O. thermomethanolica TBRC656
The promoter regions of maltase (Otmal), permease (Otper) and maltase activator (Otact) genes of the maltase gene cluster in O. thermomethanolica TBRC656 were predicted using the BDGP web server (Reese 2001) . The OtMal promoter (1272 bp) and OtPer promoter (1272 bp) were amplified by PCR using primers OtMal-Fw, OtMal-Rv, and OtPer-Fw, OtPer-Rv, respectively. Meanwhile, OtAct-Fw and OtAct-Rv were used for amplification 1020 bp of OtAct promoter (Table  S1 , Supporting Information). For xylanase expression under control of OtMal, OtPer and OtAct promoter, the promoter amplicons were digested with NsiI and BstBI restriction enzymes and subcloned into pOtGAPZα-Xyl by replacing the OtGAP promoter to make pOtMalα-Xyl, pOtPerα-Xyl and pOtActα-Xyl, respectively. For construction of vector pOtMalα-Phy for phytase expression under the control of the OtMal promoter, the phytase gene in pOtGAPZα-Phy was digested by EcoRI and PvuII and used to replace the xylanase gene of pOtMalα-Xyl vector. For construction of pOtAOXα-Xyl, the alcohol oxidase promoter (OtAOX) of O. thermomethaolica TBRC656 (801 bp) was amplified by PCR using primers OtAOX-Fw and OtAOXRv (Table S1 , Supporting Information). The promoter amplicons were digested with NsiI and BstBI restriction enzymes and subcloned into pOtGAPZα-Xyl by replacing the OtGAP promoter. For construction of pOtAOXα-Phy, the phytase gene in pOtGAPZα-Phy was digested by EcoRI and PvuII and used to replace the xylanase gene in pOtAOXα-Xyl vector.
The resulting recombinant plasmids (pOtMalα-Xyl, pOtPerα-Xyl, pOtActα-Xyl, pOtMalα-Phy, pOtAOXα-Xyl and pOtAOXα-Phy) were transferred into E. coli, selected on LB agar supplemented with 25 μg/mL zeocin and validated by automated DNA sequencing (Macrogen, Korea). Plasmid transformation of O. thermomethanolica TBRC656 was performed by electroporation as described previously (Tanapongpipat et al. 2012 ) and selected on YPD agar supplemented with 100 μg/mL zeocin. Integration of expression plasmid was verified by colony PCR with 5 -forward primer of each promoter and 3 -reverse primer for each reporter gene (Supplementary data, Table S1 ). Transformant colonies were used for expression of heterologous protein.
Cultivation of cells
To analyze the expression of heterologous proteins, a single colony of the recombinant yeast was inoculated into 5 mL of YPD medium and incubated at 30
• C overnight with 250 rpm shaking. Generally, a 0.1 mL starter culture was transferred to 50 mL of YP medium supplemented with carbon sources at concentrations shown in the text and continually cultivated at 30
• C with 250 rpm shaking.
For comparison of the strength of OtMal and OtAOX promoter, recombinant strains harboring pOtAOXα-Xyl and pOtAOXα-Phy were used as controls. Cells were grown on YPD medium for 24 h. Then, 2.0% sucrose or methanol was added to 
Cell concentration and carbon sources determination
Cell concentration was determined by measuring the optical density (OD) using a spectrophotometer (SmartSpec Plus spectrophotometer, Bio-RAD) at 600 nm. Glucose and sucrose concentrations in the supernatant were estimated by HPLC (e2695 Separation Module, Waters Alliance) equipped with refractive index detector (2414, Waters Alliance). A 8.0 mmID × 300 mmL SUGAR SH1011 column (Shodex) was used for HPLC. The HPLC column temperature was controlled at 20
• C. The sample was filtered through a 0.2 μm cellulose acetate membrane prior to injection. The injection volume was 20 μL. The mobile phase was 3 mM perchloric acid with the flow rate of 1.0 mL/min.
Analysis of enzyme activity
The xylanase activity of culture supernatant towards 1% beechwood xylan (Sigma-Aldrich) was determined under the optimal condition described previously (Ruanglek et al. 2007 ). The reducing sugar generated by this enzyme was determined quantitatively using the 3,5-dinitrosalicyclic acid method (Miller 1959) .
The activity of phytase of culture supernatant was determined by the color formation between molybdate and the released inorganic orthophosphate from phytate (Engelen et al. 1994 ) under the optimal condition described previously (Promdonkoy et al. 2009) . One unit of enzyme activity was defined as the amount of enzyme that liberates 1 μmole per min of reducing sugar or inorganic phosphate. In this study, the activity of enzyme from different strains were normalized with the cell density at OD 660 nm (U/OD) prior the comparison of enzyme titer produced from different cultures.
Nucleotide sequence data deposition
The cluster involved in maltose degradation has been deposited in the DDBJ/EMBL/GenBank databases under accession numbers LC279525.
RESULTS AND DISCUSSION
Promoter characterization of genes involved in sucrose utilization in O. thermomethanolica TBRC656
A putative maltase gene cluster was identified in the draft genome sequence of Ogataea thermomethanolica TBRC656 (unpublished data). The gene cluster contains three different genes encoding a maltase activator, a maltose permease and a maltase. (Fig. 1) . Disruption of permease and maltase genes in this cluster resulted in mutants that were unable to grow on maltose and sucrose revealing the essential roles of these putative genes in sucrose and maltose utilization (Phithakrotchanakoon et al. 2018) . From the available draft genome sequence of O. thermomethanolica TBRC656, the intergenic region (1272 bp) between the maltose permease and maltase genes may function as a promoter of maltose permease and maltase genes (Fig. 1) . Putative TATA box sequences, namely TATAA, TATAT and TAAAT were identified upstream of the maltase, maltose permease and maltase activator genes at positions -69, -41 and -136, respectively (Fig. S1, Supporting Information) . The presence of TATA box sequences upstream of these genes are indicative of core promoters.
Heterologous expression of fungal xylanase under the control of putative promoters from the maltase gene cluster
To investigate the promoter activity of the predicted promoters upstream of the maltase activator (Otact), maltose permease (Otper) and maltase (Otmal) genes, the fungal xylanase gene was fused to each putative promoter and used as a quantitative reporter for gene expression. The constitutive O. thermomethanolica GAP gene promoter (OtGAP) was used as a positive control (Charoenrat et al. 2016) . Each strain was grown in YP-medium containing 2.0% sucrose, and xylanase activity was determined after 24 h of growth. As shown in Fig. 2 , xylanase expression was significant in transformed cells with reporter driven by the putative OtMal and OtPer promoters with sucrose as the carbon source. The expression of xylanase driven by putative OtMal promoter was approximately 2-fold higher than OtGAP promoter and approximately 1.3-fold higher than the putative OtPer promoter. However, a small level of xylanase expression was observed from transformed cells grown on sucrose when a reporter was driven by the putative OtAct promoter. This result may imply the weak activity of OtAct promoter in O. thermomethanolica.
Effect of carbon source on heterologous protein expression
Regulation of gene expression under the control of promoters derived from the maltase gene cluster in Ogataea polymorpha depends on carbon sources (Viigand and Alamäe 2007) . In this study, we investigated the effect of various carbon sources at 2.0% concentration on fungal xylanase expression under the control of OtMal and OtPer promoters. The expression of the reporter driven by the constitutive OtGAP promoter was independent of the carbon source. However, the expression of xylanase under the control of OtMal and OtPer promoters was repressed by glucose and fructose, whereas significantly higher expression of xylanase was observed when cells were grown with sucrose or maltose (Fig. 3) . This promoter characteristic is similar to other sucrose utilizing yeasts such as O. polymorpha and Saccharomyces cerevisiae (Viigand and Alamäe 2007; Williams et al. 2015) . The highest expression of xylanase was obtained from transformant cells with reporter driven by the OtMal promoter. Therefore, the OtMal promoter was selected for further characterization.
Expression profile of fungal xylanase under the control of OtMal promoter in O. thermomethanolica TBRC656
It has been reported that promoters of sucrose utilizing genes, e.g. maltase was repressed during growth on glucose and activated by sucrose or maltose (Alamäe et al. 2003; Tammus and Alamäe 2005; Viigand and Alamäe 2007) . In addition, the regulation of invertase promoter for sucrose utilization in S. cerevisiae is dynamic when glucose and sucrose are both present in culture medium (Williams et al. 2015) . To apply the OtMal promoter as expression system in yeast O. thermomethanolica, growth and expression profile of heterologous xylanase were evaluated.
When cells harboring pOtMalα-Xyl were cultivated in 2.0% glucose containing medium, cells grew very fast and glucose was rapidly consumed and exhausted within 12 h (Fig. 4A) . However, the xylanase reporter expression was negligible. This result indicates that the OtMal promoter was tightly repressed by glucose. For expression of xylanase by sucrose, transformant cells were cultivated in 2.0% sucrose containing medium (Fig. 4B) . Although sucrose utilization by recombinant yeast is slower than glucose, higher cell growth on sucrose containing medium was observed. Under this culture condition, the expression of xylanase was greatly increased and the highest xylanase expression was observed at 48 h. As the OtMal promoter is tightly repressed by glucose and activated by sucrose, inducible expression of xylanase was further investigated by cultivation initially with the preferred glucose carbon source (2.0%) and the addition of 2.0% sucrose after 24 h (Fig. 4C) . During the first phase, glucose was consumed rapidly by the recombinant yeast and became exhausted after 12 h. At this phase, the expression of xylanase was strongly repressed when glucose was available in the culture. After glucose depletion, the second phase began by the addition of sucrose into the media to trigger the expression of OtMal promoter and initiate the enzyme production. Moreover, the growth of O. thermomethanolica continued and reached the maximum at 48 h. Therefore, sucrose was not only induce the expression of the promoter but also served as a secondary carbon source to support cell growth as evidenced by a diauxic pattern of the cell density as well as initiate the enzyme production.
To investigate the regulation of OtMal promoter in mixed sugar conditions, transformant cells harboring pOtMalα-Xyl were cultivated in medium containing 1% glucose and 1% sucrose for 48 h (Fig. 4D) . In this mixed sugar conditions, glucose was consumed first by recombinant yeast and the switch of sugar utilization occurred after 12 h, at an OD 600nm of about 18. During growth on glucose, xylanase expression was repressed. When there was only a trace amount of glucose left in the medium, expression of xylanase was initiated and reached its maximum at 42 h. This result suggests that repression of OtMal promoter was relieved when glucose is limiting, with concomitant expression of recombinant xylanase. This ability is important for biotechnological application since it allows the use of a complex feedstock containing mixed carbon sources to balance the growth and modulate the gene expression in the manner required.
Comparison of the promoter strength on heterologous protein expression in O. thermomethanolica TBRC656
The AOX promoter is highly inducible and has been used routinely for heterologous protein expression in various methylotrophic yeasts including P. pastoris, O. polymorpha and O. thermomethanolica. The OtMal promoter strength was compared with the OtAOX promoter using fungal xylanase and fungal phytase as reporters in transformant O. thermomethanolica. The transformant cells were cultivated in YPD medium until glucose was depleted. Then, an inducer (methanol or sucrose) was added to the culture medium to trigger the expression of heterologous proteins. At zero time-point (Fig. 5) , the expressions of both reporters were slightly higher in transformant cells harboring reporter driven by the OtAOX promoter. This result is consistent with a previous report of leaky expression of OtAOX in the absence of inducer . A gradual increase in reporter expression was observed after addition of upon inducer, and the maximum enzyme activity was obtained from transformant cells with reporter driven by the OtMal promoter. The expressions of xylanase and phytase under the control of the OtMal promoter were 1.2 and 1.7-fold higher than the OtAOX promoter, respectively, after 24 h of induction. In O. polymorpha, the OpMal promoter is similar in strength to the OpAOX promoter under inducing conditions (Alamäe et al. 2003) . This result suggests that the OtMal promoter is superior to OtAOX promoter for production of heterologous protein owing to its greater efficiency in the condition used.
CONCLUSION
We established a novel sucrose expression system in Ogataea thermomethanolica TBRC656. Three putative promoters of the maltase gene cluster were identified and tested for function using a fungal xylanase reporter in O. thermomethanolica. Among the three promoters tested, the OtMal promoter was found to be the most efficient promoter. Expression system based on OtMal promoter is an attractive system for heterologous protein expression in yeast O. thermomethanolica. This expression system is very simple, tightly regulated and more efficient than the previously described methanol-inducible AOX and constitutive GAP-based expression systems. The properties of the OtMal promoter may be directly applicable to heterologous protein production in recombinant O. thermomethanolica cultured with industrial sucrose-rich feedstocks such as sugarcane syrup and sugarcane molasses.
